Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724 Abstract A major difficulty in studying early developmental processes and testing hypotheses of possible cellular mechanisms of development has been the inability to reproducibly identify specific cell types. We have generated monoclonal antibodies that distinguish among major cell types present during mammalian neurogenesis. These antibodies have been used to analyze the development of cellular organization in the early nervous system. Monoclonal antibody Rat-401 identifies a transient radial glial cell in the embryonic rat central nervous system (CNS) that is temporally and spatially suited to guide neuronal migration. Rat-401 also identifies a peripheral non-neuronal cell that may establish axon routes from the CNS to the periphery.
Monoclonal antibody Rat-202 recognizes an antigen present in early axons, their growth cones, and filopodia, and has allowed us to follow early axons and observe the structures they contact. Two other antibodies that recognize axons demonstrate antigenically distinct phases in axon development.
In addition, we report a marker for another cell class present in the developing nervous system, the endothelial cells that give rise to the CNS vasculature.
Molecular techniques have confirmed and extended earlier anatomical and physiological studies showing that the adult vertebrate central nervous system (CNS) is composed of a large number of different cell types. This large number of cell types is derived during a short period of embryonic development from a small number (approximately 104; unpublished observations) of morphologically homogeneous neuroepithelial cells at embryonic day 10 in the rat. In response to a mesodermal signal (Spemann, 1936 ) the early neuroectodermal cells proliferate and differentiate to give rise to the adult brain which contains a morphologically heterogeneous population of greater than 10' neurons and glial cells. Particular developmental features of the early neural tube, such as the birthdate of neurons (Sidman, 1970) and the guiding role of radial glial cells (Rakic, 1971 ) are thought to have important consequences for the synaptic organization of the adult brain. Several recent studies have used cell type-specific markers to study cellular differentiation in the peripheral nervous system (PNS) (Le Douarain, 1980; Barald, 1982; Vincent and Thiery, 1984) . Fewer cell type-specific markers have been described in the vertebrate CNS. Recent progress in using hybridoma technology to identify subsets of adult (Hawkes et al., 1982; McKay and Hockfield, 1982; Sternberger et al., 1982) and embryonic (Levitt, 1984) vertebrate neurons and to study glial cell origins (Raff et al., 1983) suggested to us that a similar strategy might provide reagents to identify cell types in the developing vertebrate CNS. These reagents could then be used to study cellular mechanisms of development in the early neural tube which give rise to the differentiated adult vertebrate brain.
In this paper we describe a set of reagents which identify major structures and developmental periods in the embryonic nervous system of the rat. We have used three reagents to describe the cellular organization of the embryonic nervous system and to study its development. These reagents have enabled us to identify three classes of cellular elements in the developing mammalian nervous system: axons; radial glia and early Schwann-like cells; and early endothelial cells. We have used three monoclonal antibodies to study axonal development and have shown that each antibody recognizes antigens that are expressed at distinct stages in development. One antibody labels early-growing axons and their growth cones and filopodia, enabling us to follow axons as they grow from the CNS to the periphery, whereas the two other antibodies label axons at later stages in their development. Another monoclonal antibody recognizes the early radial glial cells but does not recognize cells in the adult CNS. The transient expression of the antigen recognized by this antibody correlates with the period of neuronal proliferation and migration. This antibody also identifies a nonneuronal cell that appears to precede and predict axon pathways from the CNS into the periphery. We also describe here a marker for cells that give rise to the CNS vasculature.
Materials and Methods
In order to obtain markers for the major cell classes in the developing neural tube we generated monoclonal antibodies to fixed spinal cord from embryonic day 15 (E15) rats. Timed pregnant female rats were obtained from Taconic Animal Supply Co. and housed untrl the appropriate gestational age. Uteri were dissected from pregnant animals into ice-cold phosphate buffer (pH 7.4) individual embryos were removed, and the spinal cord was dissected free of other tissue into fixative (4% paraformaldehyde in 0.1 M phosphate buffer). We followed an immunization and fusion protocol that has been described previously (McKay and Hockfield, 1982 The CNS was dissected out and stored In 0.1 M phosphate buffer (pH 7.4) with 0.1% sodium azrde. For prenatal material, pregnant females were ether anesthetized, uteri were dissected into cold 0.1 M phosphate buffer, and the females were killed by cervical dislocation. Embryos were drssected individually Into Sylgard-coated Petri dishes and pinned in place. Intravascular perfusron was performed by opening the skin of the thoracic cavity, nicking the right atrium with a fine forceps, and placing a 25 gauge needle into the left ventricle. One to 5 ml of fixatrve (as above) were Injected into the heart. The embryos were placed in a vial containing the same fixative for 4 hr and then stored in phosphate buffer. El2 to term embryos were fixed by perfusion (using a 30 gauge needle for El2 embryos); El0 and El1 embryos were fixed by immersion in fixative. El3 and older animals were sectioned at 50 to 100 pm on a Vibratome without additional support.
El0 to El2 embryos were embedded in 15% gelatin before sectioning. lmmunohrstochemical reactions were performed on free-floating sections by sequential incubations in monoclonal antibody as full-strength supernatant (12 to 20 hr); horseradish peroxrdase (HRP)-conjugated goat anti-mouse anttbody at a dtlution of 1:lOO in tissue culture medium with 10% serum; and 3,3'-diaminobenzidine (DAB; 0.025%) with HpOn (0.002%). Peroxidase-conjugated lectins (Sigma Chemrcal Co.) were used at serial dilutions in the same manner with the omission of the peroxidase-conjugated goat antimouse antibody. For light microscopy, 2% Triton X-100 was included in both antibody solutions. For electron microscopy sections carried through this procedure (without Trlton X-100) were post-fixed in 2% O,O.,, embedded in Epon/Araldrte between plastic coverslips, and cut at 1 pm and 0.12 pm for correlative light and electron microscopy.
For high resolution light microscopy, sections (Trrton-treated) were embedded in plastic as for electron microscopy and sectioned at 2 pm.
Immunoblots. The apparent molecular weights of antigens recognized by antibodies were determined using the method of Towbin et al. (1979) . Proteins were extracted from unfixed tissue with sodium dodecyl sulfate (SDS) and fl-mercaptoethanol and run on an SDS-polyacrylamide gel. The proteins were electroblotted onto nitrocellulose paper which was then exposed to primary (1 hr) and secondary (1 hr) antibodies. HRP was visualized with 4-chloronaphthol.
Results
Because we wished to study early events in neuronal differentiation including axonal outgrowth and the proliferation of cells in the neural epithelium, we raised monoclonal antibodies against the El5 neural tube. At this time, differentiated neurons coexist with rapidly dividing neuroepithelial cells. The immunization and screening strategies we chose were similar to those we have employed in earlier studies of invertebrate and vertebrate nervous systems (Zipser and McKay, 1981; McKay and Hockfield, 1982) . Mice were immunized with paraformaldehyde-fixed El5 spinal cord and screened for antibodies of interest by an immunohistochemical assay on fixed Vibratome sections of El5 embryos. As additional potential probes for antigenic diversity, we also screened several peroxidase-conjugated lectins for their ability to identify specific cellular structures in the El5 neural tube.
Major cellular features of the neural tube Non-neuronal cells. In Figure 1 we show the distribution of three major cell classes we have identified in the El 5 neural tube. Among the antibodies we generated was Rat-401 ( Fig. l/3) , a monoclonal antibody which binds to an antigen transiently expressed in a subset of CNS cells during development and in non-neuronal cells in the PNS.
Axonalprocesses. We also generated antibodies which recognize axonal processes (Fig. 1 A) and have used such antibodies to study the relationships between axons and other cell types. The distribution of the antigenic determinants recognized by one of these antibodies (Rat-202) includes most, and perhaps all, of the central and peripheral axons in both embryo and adult. Antibodies which we have previously shown to bind to adult axonal antigens (McKay and Hockfield, 1982 ) also recognized axons, but not at the earliest stages of their development. In the present report we show that these antibodies which were raised against adult cat spinal cord appear at distinct times in different axon tracts and may mark different stages in axon maturation (see Fig. 13 ).
Endothelial cells. We also report here on the appearance in the embryonic neural tube of another major class of proliferating cells which give rise to the vascular system (Fig. IC) . These endothelial cells are specifically identified by a lectin-purified from Banderia simplicifolia (BAND).
Monoclonal antibody Rat-401 recognizes radial glial cells
In the developing neural tube, monoclonal antibody Rat-401 recognizes cells having a morphology which matches that described for radial glial cells (Ramon y Cajal, 1929) . On immunoblots of SDSpolyacrylamide gels Rat-401 binds to a doublet of 200 kilodaltons (kd) in apparent molecular weight (Fig. 2 ) and, therefore, recognizes a molecular species different from vimentin (57 kd) and glial fibrillary acidic protein (GFAP) (52 kd), two other markers for radial glia in, respectively, the rodent (Dahl et al., 1981; Tapscott et al., 1981) and primate (Levitt and Rakic, 1980) . Each of these three markers of radial glial cells has a distinct distribution in the adult spinal cord. Rat-401 does not recognize any cellular element in the adult CNS ( Fig. 2A) , whereas anti-vimentin antibodies recognize ependymal cells (Fig. 3B ) and anti-GFAP antibodies recognize glial cells (Fig.  3C) .
Rat-401.positive cells are found throughout the developing neural tube and have several morphological features that match those of radial glia. First, Rat-401 cells span the neural tube, extending from ventricular to pial surfaces (Fig. 113) . Second, immunoelectron microscopic examination of the ventricular surface has shown that many Rat-401.positive cells contain mitotic figures (see Fig. 6B ), showing that the antigen is expressed in proliferating cells. Third, at the pial surface, Rat-401 -positive processes terminate in expansions, or end-feet (Fig. 4, A and B) . These end-feet in the spinal cord at El5 form an almost continuous sheet along the ventral pial surface (Fig. 40) but form a discontinuous sheet along the dorsal surface (Fig. 4C) .
Rat-401 staining is first seen in the developing neural tube at El 1, after the neural tube has closed. Initially, at the light microscopic level, small, punctate, antibody-positive profiles appear on the pial surface (Fig. 5, A and B) . Electron microscopic immunocytochemistry has shown that, at El 1, the Rat-401 antigens do not uniformly fill cell processes at the pial surface but are concentrated in small areas against the cell membrane (Fig. 5, C and D) . In the embryonic spinal cord development proceeds along a rostrocaudal gradient with the rostra1 cervical segments being the most advanced (Nornes and Das, 1974) . This allows subtle temporal developmental differences to be seen within an animal along its rostrocaudal axis, At late El 1, the less advanced, more caudal levels of the neural tube show the punctate staining with Rat-401 described above. At slightly more advanced stages of development, seen more rostrally at El 1 and in the most caudal sections from an El2 animal, Rat-401 antigens are no longer restricted to the pial surface but extend throughout the neuroepithelial cells, and many cells in the neural tube are Rat-401 positive. In 50-pm-thick Vibratome sections and in 2-pm-thick Epon sections from rostra1 levels of El 1 and caudal levels of El 2 animals, most, and perhaps all, cells appear to be Rat-401 positive (see Fig. 12A ). Our studies on dissociated cells have shown that 98 to 100% of El 1 neural tube cells are Rat-401 positive (Frederikson et al., 1985) . By E13, Rat-401 -positive profiles assume a more slender, radial appearance, and antibody-negative cells become apparent. Antibody-negative cells are seen clear in the ventral portion of the developing spinal cord where postmitotic . Other studies using silver methods and electron microscopy have reported Hockfield and McKay Vol. 5, No. 12, Dec. 1985 the first appearance of axons in the rat neural tube at El2 (Windle and Baxter, 1936; Vaughn and Greishaber, 1973) . This suggests that Rat-202 detects early axons with a sensitivity comparable to these other methods.
We have used Rat-202 to follow events in both peripheral and central axon growth. In the periphery axons in the ventral root precede those in the dorsal root. As axons leave the ventral root they form fascicles (Fig. 8C) . When dorsal and ventral roots join to form the splnal nerve, axons can be seen to leave one fascicle to loin another (Fig. 80) . At this stage and at later stages in axon development (El3 and later) Rat-202 appears to stain the entire growing axon as it can be seen in growth cones at the light and electron microscopic levels (Figs. 9 and 10). By El3 nerve bundles are clearly stained (Fig. 9A) , and Rat-202 staining shows that axons group tightly together throughout most of their length.
At the tip of a developing nerve many axons end in a terminal enlargement with The Journal of Neuroscience Cell Classes in Developing CNS 3315 Rat-401 -posrtrve profrles. B, By P12 the rntensrty of Rat-401 staining begins to decrease. C, At P28 the cerebellum contatns no Rat-401 -positrve profiles. The loss of Rat-401 staining is achieved by P21. In the developing cerebellum the majority of neuronal proliferation and migration IS complete by P21 (Altman, 1972) . D, In the spinal cord, Rat-401 staining begins to decrease at El9 (compare with El5 in Fig. 1B ). E, At P2 very few antibody-positive profiles remarn in the spinal cord (arrows). F, By P6 the spinal cord contains no positive profiles. In the spinal cord, neuronal proliferation and migration are complete by El9 (Nornes and Das, 1974) . Bars = 1 mm. fine filopodia arising from the enlargement (Fig. 9B) . Often, under ventrally and then turn dorsally to end in a vacuolated enlargement Nomarski optics, the enlargement appears vacuolated and these with many fine processes arising from it (Fig. IOC) . The other type profiles match those previously described as growth cones. arises from axons that enter the dorsal horn from the medial border In the CNS, Rat-202 also stains the entire axon, including its and end in a slender enlargement with a single filopodium or few growth cone (Fig. IO) . In the dorsal horn at El5 two types of axonal filopodia emerging from it ( Fig. 1OD) . At the electron microscopic endings have been observed. One arises from axons that course level these antibody-positive enlargements contain large vesicles hgure 6. Rat-401 staining of El 3 to El7 animals. A, At El3 there are many more Rat401stained processes than at El 1 (cf. and have irregular profiles, similar to the description of growth cones In the developing muscle masses, electron microscopic immuno- (Fig. 1OC) . The filopodia arising from these growth cones contact cytochemistry shows that Rat-401 recognizes multinucleate cells other processes that are unstained by that often contain myofibrils (Fig. 617 . Mononucleate cells also are stained, but it is not possible without electron microscopic serial Antibody Rat-401 recognizes peripheral cells reconstructions to determine whether these are truly mononucleate. However, at El 1, when the mvoblasts begin to leave the somite, In addition to the radial glia in the CNS, Rat-401 also recognizes the ventral layer of cells (the myotome) from which the myoblasts cells in peripheral structures including developing muscle, dorsal arise is recognized by Rat-401. The dorsal layer (the dermatome) root ganglia, and peripheral nerve roots.
that gives rise to the dermis is antibody negative. This evidence suggests that both myoblasts and myotubes contain Rat-401 antigens. Mature muscle cells are not stained by Rat-401. Neural crest cells are Rat-401 positive as they leave the neural tube and migrate through the periphery. Several, but not all, neural crest-derived populations of cells express Rat-401 antigens. In the dorsal root ganglia at E15, Rat-401 stains non-neuronal cells. Rat-401-positive cells In the dorsal root ganglia, resembling the adult satellite cells, Ire among unstained neurons. They extend fine processes to surround neurons and blood vessels (Fig. 6E) . In the adult, the satellite cells in the dorsal root ganglia are also Rat-401 positive.
In peripheral nerve, as in the dorsal root ganglia, Rat-401 does not starn axons but stains non-neuronal cells associated with axons (Fig. 6, C and D and Rat-401 -positive processes lie among axons in peripheral nerves. In mature nerve, Schwann cells are stained by Rat-401.
As the ventral root courses from CNS to PNS, Rat-401-positive processes intermingle with the exiting axons. Some processes lie along the perimeter of the nerve root and others lie within the emerging root, juxtaposed to neighboring unstained axons (Figs. 6C and 1 l/3). The converse of this picture is seen in roots stained with Rat-202 where antibody-positive axons are seen juxtaposed to unstained profiles (Fig. 11A) . These data suggest that Rat-202-positive axons, like neuron cell bodies, lie directly adjacent to Rat-401 -positive cell processes.
Rat-401 processes precede axons in the ventral root
At El 1, our data utilizing Rat-202 and other electron microscopic studies show that axons have not yet grown out of the ventral root at most levels of the developing neural tube. Rat-401-positive processes are seen in the position of the ventral root at El 1 before axon outgrowth (Fig. 12) . Alternate sections stained with Rat-202 and Rat-401 confirm that Rat-401 -positive processes are seen in the position of the ventral root before
Rat-202-positive axons. At El 1, Rat-401 processes at the surface of the neural tube span the region between the CNS and the periphery (Fig. 12, B and D) . In 2-pmthick plastic sections some Rat-401 processes appear to course from inside the CNS out to the periphery (Fig. 120 ). McKay and Hockfield, 1982) . In most areas Cat-101 and Cat-201 appear to recognize the same population of axons.
Antigenically distinct periods in axon development
Cat extracted from the adult cat brain. On immunoblots of SDS-polyacrylamide gels both of these antibodies bind to 210-kd proteins which co-migrate with the large subunit of the neurofilament triplet (Fig. 2) . To verify that the antibodies were binding to similar antigens in unfixed tissue used in the biochemical analysis and in fixed tissue used in the histological analysis, fresh frozen tissue was sectioned on a cryostat .and processed for immunochemistry. The staining patterns in these preparations were identical to those in fixed tissue sections.
During development, the Cat-101 and Cat-201 antigens appear at different times (Fig. 13) . Cat-101 appears earlier than Cat-201. Neither antibody binds to sections of El5 rat spinal cord or to bands on immunoblots of proteins extracted from El 5 spinal cord. Cat-l 01 stains axons in the El7 rat spinal cord, whereas Cat-201 does not (Fig. 13, B and C) . The number of axons recognized by Cat-101 increases over the late embryonic and early postnatal periods. In contrast, Cat-201 does not extensively stain the spinal cord until the third postnatal week. This developmental progression of axonal staining probably does not reflect the ingrowth of new axons but, rather, a maturational feature of axons already present since antibody Rat-202, which recognizes axons from the earliest stages of neurite outgrowth, shows that axons are present but unstained by Cat-101 or Cat-201 as early as E12, and throughout late embryonic and early postnatal stages.
We have examined the time course of Cat-l 01, Cat-201, and Rat-202 staining in early postnatal cats as well as rats. In the cat at birth all three antibodies stain axons and Rat-202 and Cat-201 stain cell bodies (Fig. 13, 0 and F) . In the cat, as in the rat, developmental changes are seen over the first 3 postnatal weeks. Not all of the axons that are Cat-101 and Cat-201 positive in the adult are antibody positive at day 1. For example, axons in the dorsolateral white matter (the area of the corticospinal tract and dorsolateral funiculus) are not stained at birth (Fig. 13, E and F) . In contrast, Rat-202 does stain axons in the corticospinal tract and the dorsolateral funiculus at Pi (Fig. 130) . In the adult all three antibodies stain axons in the dorsolateral funiculus and in the corticospinal tract (Fig. 13, G, H  and I ). These results show that the timing of the expression of these axonal antigens marks particular phases in axon maturation in vivo. Vol. 5, No. 12, Dec. 1985 The developing vascular system is recognized by lectins
In addition to generating monoclonal antibodies, we have also screened several lectins for their ability to recognize subsets of cells in the neural tube. Lectins from BAND bind to developing blood vessels in the embryonic neural tube (Fig. 14) .
The CNS vasculature begins to develop at El 2 when cells invade from the periphery. The ventral horn is vascularized before the dorsal horn, following the ventral-to-dorsal gradient described for other features of development (Nornes and Das, 1974) . The vasculature grows both by addition of invading cells and by the established endothelial cells sending out fine, filopodia-like processes from nodes, or peaks, along the vessel surface (Fig. 148) . These processes contact one another to set up new blood vessels. In this way the very simple grid of initial vessels is elaborated into the more complex pattern seen at later developmental stages.
Electron microscopy shows that BAND recognizes both the Iuminal and abluminal surfaces of developing endothelial cells (Fig.  14, C and D) . The fine filopodia-like extensions from these endothelial cells are also BAND positive and form small, tight groups of three or four processes with no apparent lumen. These proceses increase in size and small-lumened vessels appear to form when these processes make stable contacts with one another at their lateral surfaces.
In the adult spinal cord, BAND recognizes a population of profiles distinct from those it recognizes in the embryo. In most cases, the adult vasculature is BAND negative, but the most dorsal layers of the spinal cord dorsal horn (layers I to Ill) contain a dense network of BAND-positive profiles. These results will be presented in more detail in a subsequent publication.
Discussion
During the course of mammalian neural development, a plate of anatomically homogeneous cells goes through a process of cell division and morphogenetic changes which gives rise to an adult nervous system composed of many thousands of cells with a variety of structures and physiology and with a complex but precise series of connections among them. In our previous work we have examined the molecular diversity among neurons in adult vertebrates (McKay and Hockfield, 1982; Hockfield et al., 1983) and invertebrates (McKay et al., 1983) and shown that the number of molecularly distinct characteristics that vary among neurons is likely to be large, perhaps large enough to account for many of the anatomical and physiological differences observed among neurons. Two questions arose from these studies. First, when during development does this molecular diversity arise; and second, is there a time during neurogenesis when molecular diversity is small enough to allow us to obtain a more complete classification of the cells in the CNS? In our first efforts to study the developing mammalian nervous system we determined the time at which antigens recognized by monoclonal antibodies generated against the adult CNS arise. The antigens recognized by all of the antibodies we have tested are first expressed late in development, at a time after a neuron has achieved its adult position and many of its mature morphological characteristics (Hockfield et al., 1983) . In this paper we have reported a series of markers that identify m,ajor cell classes present at earlier stages of development. These markers have allowed us to identify and follow particular cell types through development and have provided information about the mechanisms of cellular proliferation, neuronal migration, and axonal navigation and maturation in the developing mammalian nervous system.
Cellular proliferation
During cellular proliferation in the neural tube, a group of morphologically homogeneous cells gives rise to a variety of cell types and neural structures. One of the monoclonal antibodies we generated against the El5 rat spinal cord, Rat-401, recognizes many of the cells in the neural tube at late El 1. The Rat-401 antigen (a 200-kd species on immunoblots of SDS-polyacrylamide gels) first appears in the developing rat CNS after neural tube closure, on El 1 (Fig. 5) . The antigen is first found restricted to punctate areas along the pial surface. Later (late El l/early El 2) the antigen extends within cells from the ventricular to the pial surface and most, perhaps all, of the cells in the neural tube are antibody positive. As neural development proceeds, antibody-positive cells come to resemble the radial glial cells described by Ramon y Cajal(1929) and antibody-negative cells become apparent (Figs. 1B and 6A) . Electron microscopic immunocytochemistry has shown that the antibody recognizes mitotic cells (Fig. 6B) . Our studies of dissociated cells have shown that greater than 98% of the cells in the late El 1 neural tube are Rat-401 positive (Frederikson et al., 1985) . These results show, at the limit of resolution of our current techniques, that most of the cells in the early neural tube share a common antigen that later is expressed by a specific subpopulation of cells, the radial glial ceils, suggesting that a common Rat-401.positive progenitor cell gives rise to both neurons and glia.
One possible explanation of cellular differentiation in the nervous system is that the earliest neuroepithelial cells are programmed to differentiate into specific adult cell types. An alternative explanation is that cellular differentiation occurs at a later stage, perhaps after the earliest cells already have begun to proliferate. One major choice of differentiation is that between becoming a neuron or a glial cell. Levitt et al. (1981) suggest that the population of neuroepithelial cells that will give rise to glial cells is distinct from the population that will give rise to neurons. Raff et al. (1983; and M. C. Raff, personal communication) suggest that, whereas progenitor cells are destined to give rise to specific cell types, the division between neurons and glia is not respected and one population of progenitor cells gives rise to some classes of glial cells and another population gives rise to other classes of glial cells and neurons. These observations of Levitt et al. (1981) and Raff et al. (1983) of two antigenically distinct populations of cells present at later developmental stages than the earliest stages reported here, may reflect differentiation events subsequent to the stage where the majority of cells express the Rat-401 antigen. One simple interpretation of our result is that the predominant early cell class in the neural tube gives rise to both neurons and glia. Alternatively, the early neuroepithelial cells, although apparently homogeneous with respect to the Rat-401 antigen, may be inhomogeneous with respect to other antigens. Our ongoing studies of dissociated cells and of tissue sections using Rat-401 and other markers may more definitively demonstrate the developmental potential of early neuroepithelial cells.
Neuronal migration
Neurons generated at the ventricular surface of the neural tube must migrate to their adult positions. Simple explanations of earlyborn cells being pushed along by later-born cells are insufficent since, often, the path along which a neuron migrates is circuitous and different from the obvious orientation of other cells and processes in the immediate environment. Another cell, the radial glial cell, has been postulated to provide a substrate upon which neurons migrate (Rakic, 1971) . Neurons have been shown to migrate on non-neuronal cells in vitro (Hatten et al., 1984) .
Radial glial cells are specifically recognized by monoclonal antibody Rat-401 throughout the developing rat CNS. Unlike other markers for radial glial cells, anti-GFAP in primates (Levitt and Rakic, 1980) and anti-vimentin in rodents (Dahl et al., 1981; Tapscott et al., 1981) antigens recognized by Rat-401, are restricted at late developmental stages to the radial glial cell and are not present in any other cell type in the embryonic or adult CNS (Figs. 4 and 7) . In the adult, GFAP is present in glial cells, Vimentin is present in ependymal cells and tanycytes, which in some regions of the adult CNS span ventricular to pial surfaces like the early radial glial cells. Rat-401, therefore, has allowed us to study the in vivo developmental changes of radial glial cells in the absence of other antibody-positive elements.
Rat-401 recognizes radial cells throughout the developing rat brain Vol. 5, No. 12, Dec. 1985 but in no area of the adult rat brain. We have examined the time course of the loss of the Rat-401 antigen and shown that antigen loss correlates with the end of the period of neuronal proliferation and migration (Fig. 7) . Rat-401, therefore, recognizes a cell that is temporally and spatially suited to guide neuronal migration. The adult rat spinal cord contains no cell with a radial morphology, suggesting that the loss of the Rat-401 antigen reflects the loss of the cell class that expresses Rat-401. In the cerebellum and retina it is not as clear cut 
Axonal navigation
Rat-202 recognizes early axons and growth cones. Many studies have shown that axons choose particular routes along which to grow and make contacts with specific targets, The mechanisms that guide axonal growth are not well understood, but chemoaffinity hypotheses (Ramon y Cajal, 1929; Sperry, 1943) postulate that chemical differences among axons mediate route and target specificity. We have previously shown that developing axons carry surface molecular differences (McKay et al., 1983) as predicted by chemoaffinity hypotheses. The growth cone, the terminal enlargement of a growing axon, and the fine filopodia that arise from the growth cone are thought to lead the growth of an axon along its route. The ability to visualize growing axons including the growth cone and filopodia would allow one to follow early axon routes and to determine the structures axons contact. Silver staining methods (Windle and Baxter, 1936) electron microscopy (Vaughn and Grieshaber, 1973) and filling cells with HRP (Lance-Jones and Landmess,, 1980) have been used to study early axons, but each of these methods has limitations. Silver methods are somewhat inconsistent and are not well suited for electron microscopic analysis; electron microscopy alone does not allow one to rapidly sample large areas of tissue; and filling axons with HRP requires that early phases of axon development have already taken place. Monoclonal antibody Rat-202 recognizes early axons, their growth cones, and filopodia in the developing rat nervous system. We have used Rat-202 to study features of axonal development inaccessible by previously available techniques, Early axons have been observed in the rat spinal cord at El2 by electron microscopic (Vaughn and Grieshaber, 1973) and silver (Windle and Baster, 1936) methods. Rat-202 detects many axons throughout the El2 animal (Fig. 6, C and D) . Development in the rat neural tube occurs over a rostrocaudal gradient where rostra1 cervical levels are more advanced than more caudal levels, We have been able to perform relatively rapidly a light microscopic serial section analysis of El0 to E20 rats to observe the development of axons identified with Rat-202 and of non-neuronal cells identified with Rat-401. Using Rat-202 we have identified axons at rostra1 cervical levels of El 1 embryos (Fig. 8, A and B) but not at more caudal levels, As axons grow into the periphery from El 1 onward, Rat-202 stains their growth cones and filopodia as they contact other axons to form fascicles (Fig. 80 ) and as they begin to innervate peripheral structures (Fig. 9) . Antibody Rat-202 appears to recognize early axons with at least the sensitivity of other available techniques and provides a means to identify growth cones and filopodia.
In contrast to the periphery, studying axon development in the mammalian CNS is further hampered by the difficulty of discriminating axons and growth comes from other neural elements. Rat-202 enables us to visualize early axons in the CNS, and we have now described two types of growth cones in the developing dorsal horn (Fig. 10 ). At the electron microscopic level, CNS growth cones contain vesicles and the filopodia arising from the growth cones contact profiles unstained by Rat-202 (Fig. 10E) . These studies show that antibody Rat-202 provides a positive marker to follow early events in axon outgrowth at the light and electron microscopic levels.
Early axons contact a non-neuronal cell that precedes axons in the ventral root. In addition to the radial glial cells in the CNS, monoclonal antibody Rat-401 recognizes peripheral cells in several locations including the ventral roots and peripheral nerves (Fig. 6) . Rat-401.positive processes occupy the position of ventral roots before axons have grown into the ventral root, as determined by staining serial sections with Rat-202 and by electron microscopic inspection. At later stages when axons are present, electron microscopic studies show that non-neuronal Rat-401 -positive processes are often in direct contact with axons and that Rat-202.positive axons are in direct contact with non-neuronal cells (Fig. 11) . Rat-401.positive processes precede axons in the ventral roots and predict axon pathways into the periphery. Studies on amphibia (Nordlander et al., 1981) have also suggested that axons first grow into the periphery on a non-neuronal cell. In vitro studies of axon growth (Adler and Varon, 1981; Bunge et al., 1982) are compatible with the hypothesis that axons initially grow on a non-neuronal cell. Our observations suggest that in mammals a non-neuronal, Rat-401. positive cell may play an important role in guiding axons from the CNS to the periphery. Experiments in progress suggest that the Rat-401.positive cells that precede axons in peripheral nerves are early Schwann cells (Friedman and Hockfield, 1985) .
The work of Aguayo et al. (1982) on CNS regeneration implicates a peripheral, non-neuronal cell as the source of factors "permissive" for axonal regeneration. One interesting possibility raised by the distribution of Rat-401-positive cells is that the Rat-401 antibody marks a cell type competent to support axon regeneration.
A group of peripheral and central non-neuronal cells similar to the group recognized by Rat-401 has been reported to carry other common antigens, vimentin (Tapscott et al. 1981 ) and the antigen recognized by monoclonal antibody C3/1 (Wakshull et al., 1983) . We have shown by several criteria that the Rat-401 antigen is distinct from vimentin. Monoclonal antibody C3/1 recognizes a surface antigen with an apparent M, = 38,000 and, therefore, also is distinct from the antigen recognized by Rat-401. The fact that cells with quite distinct locations and morphologies share three antigens suggests that these apparently different cell types might share a common derivation and/or function, and that antigenically related cell types in the peripheral and central nervous system may guide axon elongation and neuronal migration.
Axonal maturation
We have shown here that different stages in axonal maturation are marked by the expression of different antigens. Adult axons are recognized by three different monoclonal antibodies, Rat-202, Cat-101, and Cat-201. Each of these antibodies first recognizes axons at different times during development. In the rat, Rat-202 appears to , 1982; Baitinger et al., 1983) . We have not yet determined whether the histological and temporal differences between Cat-101 and Cat-201 staining reflect post-translational modifications of a single gene product (Sternberger and Sternberger, 1983) or reflect different gene products. In any case, the present study shows that differences in immunoreactivity can be used to mark developmental changes within a population of axons. Anatomical studies have suggested that there are distinct phases in axon growth (Rakic, 1976; Dennis et al., 1981; Jones et al., 1982) . For example, axons whose targets are in the cortex appear to wait below the cortical plate for a signal to grow further to their final destination. An important potential use of antigens which distinguish biochemical phases in neuronal differentiation is as a molecular assay which may allow us to more accurately define developmental events in axon maturation both in vivo and in vitro.
The developing vascular system
Precursors to the endothelial cells of the vascular system are first seen in the neural tube on E12. These cells appear to invade the neural tube from a series of defined points along the perimeter of the tube. They then proliferate and form the vascular system by extending processes which fasciculate and then form a lumen within the fascicle. The presence of vascular endothelial cell precursors in the nerve cord may influence the proliferation and differentiation of neural cells. One interesting possibility is that the invading endothelial cells may secrete growth factors which promote neuroepithelial cell proliferation. Large aortic endothelial cells, when grown in culture, secrete platelet-derived growth factor (PDGF) (DiCorleto and BowenPope, 1983) . PDGF has been purified using glial cell proliferation as an assay (Westermark and Wasteson, 1976) . A related factor can be purified from bovine brain (Lemke and Brockes, 1984) and has been shown to promote glial cell proliferation. The influence of endothelial cells on neuronal and glial development has not yet been established, but having a marker for these cells distinct from other cell types will provide an important tool in the analysis of these interactions.
